Asian cultivated rice is believed to have been domesticated from an immediate ancestral 22 progenitor, Oryza rufipogon, which provides promising sources of novel alleles for world 23 rice improvement. Here we first present a high-quality de novo assembly of the typical O. 24 rufipogon genome through the integration of single-molecule sequencing (SMRT), 10× 25 and Hi-C technologies. This chromosome-based reference genome allows a multi-species 26 comparative analysis of the annual selfing O. sativa and its two wild progenitors, the 27 annual selfing O. nivara and perennial outcrossing O. rufipogon, identifying massive 28 numbers of dispensable genes that are functionally enriched in reproductive process. 29 Comparative genomic analyses identified millions of genomic variants, of which 30 large-effect mutations (e.g., SVs, CNV and PAVs) may affect the variation of 31 agronomically significant traits. We demonstrate how lineage-specific expansion of rice 32 gene families may have contributed to the formation of reproduction isolation (e.g., the 33 recognition of pollen and male sterility), thus brightening the role in driving mating 34 system evolution during the evolutionary process of recent speciation. We document 35 thousands of positively selected genes that are mainly involved in flower development, 36 ripening, pollination, reproduction and response to biotic-and abiotic stresses. We show 37 that selection pressures may serve as crucial forces to govern substantial genomic 38 alterations among the three rice species that form the genetic basis of rapid evolution of 39 mating and reproductive systems under diverse habitats. This first chromosome-based 40 wild rice genome in the genus Oryza will become powerful to accelerate the exploration 41 of untapped genomic diversity from wild rice for the enhancement of elite rice cultivars.
Introduction
Asian cultivated rice (Oryza sativa L.), which is grown worldwide and is one of the most 44 important cereals for human nutrition, is thought to have been domesticated from an 45 immediate ancestral progenitor, O. rufipogon, thousands of years ago [1] [2] [3] [4] [5] . During the 46 process of domestication under intensive human cultivation, rice has undergone 47 substantial phenotypic and physiological changes and has experienced an extensive loss 48 of genetic diversity through successive bottlenecks and artificial selection for agronomic 49 traits compared to its wild progenitor 6, 7 . O. rufipogon span a broad geographical range of 50 global pantropical regions 8 , and for example, extensively occur in diverse natural habitats 51 in South China 9,10 . Although Asian cultivated rice is predominantly selfing, estimated 52 outcrossing rates of Asian wild rice, which ranged from ~5 to 60%, showed that mating 53 system is associated with life-history traits and results in the differentiation into two 54 ecotypes: predominantly selfing annual O. nivara having high reproductive effort and 55 mixed-mating O. rufipogon with low reproductive effort [11] [12] [13] . They offer promising 56 sources of novel alleles for rice improvement that is of crucial significance in world rice 57 production and food security. Many alien genes involved in rice improvement have 58 successfully been introduced through introgression lines from O. rufipogon and have 59 helped expand the rice gene pool important to the generation of environmentally resilient 60 and higher-yielding varieties 14 , such as the discovery of the "wild-abortive rice" in O. 61 rufipogon leading to a great success of hybrid rice 15 . 62 Despite this great interest, assembling a typical O. rufipogon genome has been 63 extremely challenging due to the nature of outcrossing and self-incompatibility that result 64 in a high rate of genome heterozygosity. This genomic complexity has long faced 65 leading-edge assembly procedures compared to six other AA-genome Oryza species 16 . 66 To overcome this challenge, we first present a chromosome-based assembly and 67 annotation of the typical O. rufipogon genome through the integration of single-molecule 68 sequencing, 10× and Hi-C technologies. We also performed a multi-species comparative 69 analysis of O. rufipogon, O. nivara and O. sativa to offer valuable genomic resources for 70 unlocking the untapped reservoir of this wild rice to enhance rice breeding programs. Table 1 ). The diploid FALCON-Unzip (version 0.3.0) 17 assembler resulted in 79 an primary assembly of ~373.88 Mb with an contig N50 length of ~710.33 Kb 80 ( Supplementary Table 1 ). FALCON-Unzip also generated a combined 23.85 Mb of 81 haplotype-resolved sequence, with an N50 of 29.47 Kb and a maximum length of 653.91 82 Kb (Supplementary Fig. 1; Supplementary Table 2 ). Both SMRT and Illumina reads 83 were used for the correction of genome assembly. Only the corrected primary contigs 84 were used for further scaffoloding. Aided with ~39.9 Gb (~103× genome coverage) 10× 85 data, we further assembled contigs into scaffolds with an N50 length of ~2.21 Mb 86 ( Supplementary Table 1 ). About 97.35% of the assembly falls into 290 scaffolds larger 87 than 100 Kb in length ( Supplementary Table 3 ). To obtain a chromosome-based 88 reference genome we sequenced ~103.9 Gb (~269× genome coverage) Hi-C data and 89 anchored ~364.46 Mb sequences into 12 pseudo-chromosomes using Lachesis 18 with 90 default parameters based on syntenic relationship with the O. sativa ssp. japonica cv. 91 Nipponbare genome (MSU 7.0), representing ~94.42 % of the estimated genome size of 92 O. rufipogon (~386 Mb) ( Supplementary Table 4 ). The chromosomes lengths of the 93 RUF genome varied from ~22 Mbp (Chr12) to ~44 Mbp (Chr01) with an average size of 94 ~30 Mbp (Figure 1; Supplementary Figure 2; Supplementary Table 4 ). The 95 assembled genome was referred to as Oryza_rufipogon_v2.0, which showed an extensive 96 synteny conservation with the O. sativa ssp. japonica cv. Nipponbare genome (MSU 7.0) 97 ( Supplementary Fig. 2) . To further improve the continuity of the genome assembly, 98 captured gaps were filled using PBJelly2 19 . Thus, we obtained an assembly of 380.51 Mb, 99 with a contig N50 length of 1,096 Kb and a scaffold N50 of 30.20 Mb ( Table 1; 100 Supplementary Table 1) . 101 By adopting a method from Stefan et al. 20 , we attempted to detect haplotype 102 variations between primary contigs and haplotigs. The show-snp tool implemented in the 103 5 MUMER package 21 was used to identity single nucleotide polymorphisms (SNPs) and 104 indels. After aligning the haplotigs against the genome sequence, we obtained a total of 105 84,227 SNPs and 54,407 indels, respectively. Using Assemblytics 22 , a web-based tool, 106 large variants (>= 10 bp) between primary contigs and haplotigs were detected. A total of 107 704 large variants were found, including 429 insertions, 247 deletions, 9 repeat 108 expansions, 1 repeat contractions, 16 tandem expansion, and 2 tandem contraction 109 ( Supplementary Fig. 3 ; Supplementary Table 5 ). This phased genome assembly has 110 largely improved our understanding of haplotype composition and genomic 111 heterozygosity within a diploid genome that will help future rice breeding efforts. 112 To validate the genome assembly quality, we first mapped ~33. Table 6 ); and finally, we checked core gene 119 statistics using BUSCO 23 to further verify the sensitivity of gene prediction and the 120 completeness and appropriate haplotig merging of the genome assembly. Our gene 121 predictions recovered 1,402 of the 1,440 (97.36%) highly conserved core proteins in the 122 Embryophyta lineage ( Supplementary Table 6 ). 123 In combination with ab initio prediction, protein and expressed sequence tags (ESTs) 124 alignments, EvidenceModeler combing and further filtering, we predicted 34,830 125 protein-coding genes ( Supplementary Table 7 ). Of them, 84.2% of the gene models 126 were supported by transcript and/or protein evidences ( Supplementary Table 8 ). We also 127 annotated non-coding RNA (ncRNA) genes, including transfer RNA (tRNA) genes, 128 ribosomal RNA (rRNA) genes, small nucleolar RNA (snoRNAs) genes, small nuclear 129 RNA (snRNAs) genes and microRNA (miRNAs) genes ( Supplementary Table 9 ). In 130 total, 245 miRNA genes belonging to 77 miRNA families were identified in the RUF 131 genome ( Supplementary Table 9 ). The annotation of repeat sequences showed that 132 approximately 44.14% of the RUF genome consists of transposable elements (TEs), 133 larger than the amount (39.40%) annotated in the SAT genome with the same methods 134 6 ( Supplementary Table 10 ). LTR retrotransposons were the most abundant TE type, 135 occupying roughly 25.87% of the RUF genome. We annotated 218,967 simple sequence 136 repeats (SSRs) that will provide valuable genetic markers to assist rice-breeding 137 programs ( Supplementary Table 11 ). Supplementary Table 12 ), obtaining an overall statistic of 515,500,353 bp and a total set 143 of 51,533 genes ( Fig. 2A ; Supplementary Table 13 ). Our results showed the increase of 144 total genes but the reduction of core genes from two pair rice genomes to the three 145 genomes ( Fig. 2A) . The core-genome size of the three species and average pan-genome 146 size of any two species accounted for ~61.6% (317,729,226 bp) and ~92.1% 147 (474,815,432 bp) of whole pan-genome ( Fig. 2B ; Supplementary Table 13) , 148 respectively, suggesting that any single genome may not sufficiently represent the 149 genomic diversity encompassed within the rice gene pool. Approximately 27.4% (14,135 150 core genes) of the protein-coding genes were conserved across all three genomes, and 151 nearly 44.6% (22,979 genes) were present in more than one but not all three rice genomes, 152 representing the dispensable genome. Gene Ontology (GO) enrichment analysis showed 153 that core genes were enriched in fundamental biological processes, while the functional 154 category of reproductive process was intriguingly enriched in dispensable genes (P < 155 0.001; FDR < 0.001) ( Supplementary Table 14 ). 156 The completion of high-quality genome sequences of both cultivated O. sativa and 157 the two immediate wild progenitors, O. rufipogon and O. nivara, enables us to detect 158 genomic variation and characterize sequence variants of functionally important rice genes. 159 We compared these three genomes to unearth genomic variation including 160 single-nucleotide polymorphisms (SNPs), insertions or deletions (InDels), structural 161 variants (SVs), copy number variation (CNVs) and presence-absence variation (PAVs) 162 ( Fig. 1; Supplementary Fig. 4 ). SNPs and SVs were cataloged using reads mapping Supplementary Table 15 ). Notably, both wild rice (RUF and NIV) 166 possessed considerably larger SNPs and InDels than cultivated SAT, and the outcrossing 167 species RUF had larger SNPs and InDels than the predominantly two selfing rice species, 168 NIV and SAT ( Supplementary Table 15 ). This result is in a good agreement with rather 169 high heterozygous SNP rates throughout the RUF genome than NIV and SAT ( Fig. 2C; 170 Supplementary Fig. 5 ). We examined the sequence variants for their potential functional 171 effects on protein-coding genes, and identified a total of 446,309 and 349,519 172 non-synonymous SNPs in RUF and NIV, respectively ( Supplementary Table 16 ). 173 Besides, we detected 17,124 and 14,083 SNPs that resulted in stop codon gains and 2,218 174 and 1,730 SNPs that resulted in stop codon losses in RUF and NIV, respectively 175 ( Supplementary Table 16 ). Although the size distribution of insertions and deletions 176 within protein-coding sequences indicated peaks at positions that are multiples of three 177 owing to negative selection on frame-shift InDels (Supplementary Fig. 6 ), 25,139 and 178 41,038 genomic SVs with large effect resulted in frameshifts in RUF and NIV, 179 respectively ( Supplementary Table 16 ). The identification of SNPs, Indels and/or SVs 180 with large effect among SAT, RUF and NIV will accelerate the discovery of candidate 181 genes related to the improvement of cultivated rice. 182 We integrated methods of reads mapping analysis and synteny comparisons to 183 identify CNVs within hundreds of genes that had either gained or lost copies in RUF and 184 NIV compared to SAT. Of 319 genes affecting both RUF and NIV, 88 had CNV loss, 145 185 had CNV gain and 86 had both CNV loss and gain, while 6,940 and 940 genes occurred 186 CNV gain and loss, respectively, in either RUF or NIV alone ( Supplementary Table 17 ). Supplementary Table 29 ). 204 Notably, functional annotation shows that a large number of genes affected by Supplementary Table 32 ). This revealed a core set of 72,490 genes belonging to 17,454 221 clusters that were shared among all three rice species, representing ancestral gene 222 families in Asian cultivated rice and the two presumed wild progenitors (Fig. 3A) . 223 Interestingly, 1,007 (2,473 genes), 437 (1,097 genes) and 239 (633 genes) gene clusters 224 were found unique to RUF, NIV and Asian cultivated rice (SAT) (Fig. 3A) . of the four studied rice species, 2,486 (3,567), 790 (2,060) and 526 (3,741) exhibited 257 significant expansions (contractions) (P < 0.001； FDR < 0.001) in the RUF, SAT and NIV 258 lineages, respectively ( Fig. 3B; Supplementary Fig. 8 ; Supplementary Table 35 ). 259 Remarkably, functional annotation demonstrates that a large number of genes enriched in 260 functional categories involved in the recognition of pollen (GO:0048544, P < 0.001) were 261 significantly amplified in RUF but contracted in NIV in comparison with SAT 262 ( Supplementary Table 36 ). Compared with NIV and SAT, however, genes enriched in 263 functional categories involved in the reproduction, including male sterility proteins 264 (PF03015, PF07993, P < 0.001) and petal formation-expressed protein (PF14476, P < 265 0.001), were significantly contracted in RUF ( Supplementary Table 37 ). Compared with 266 RUF and NIV we surprisingly found that gene families in SAT were significantly 267 enriched in a number of functions related to defense response (GO:0006952, P < 0.001), 268 response to oxidative stress (GO:0006979, P < 0.001), and photosynthesis in particular, 269 including photosynthesis (GO:0015979, P < 0.001), photosynthesis, light reaction 270 (GO:0019684, P < 0.001), photosynthetic electron transport in photosystem II 271 (GO:0009772，P < 0.001), photosystem I (GO:0009522，P < 0.001) and photosynthetic 272 reaction center protein (PF00124, P < 0.001) ( Supplementary Table 36 ). 273 Among the highly expanded and contracted gene families, we found that Supplementary Table 38 ). The contraction in NIV versus RUF is mainly attributable to 283 a decrease in CC-NBS, CC-NBS-LRR, NBS and NBS-LRR domains. It is noteworthy 284 that, compared to the two wild progenitors, SAT exhibited an expansion of NBS-LRR 285 genes, which mainly come from an increase of CC-NBS-LRR and NBS-LRR domains. 286 We positioned these orthologous R-genes (~98%) to specific locations across the SAT Supplementary Table 40 ). Comparing previous genome-wide scans for positive 312 selection 26 , we detected strikingly large proportions of PSGs in the overall phylogeny of 313 rice species (~20.1%, 2,053) ( Supplementary Table 40 ), which might be associated with 314 the process of recent speciation and subsequently rapid adaptation to particularly varying 315 environments. 316 The inclusion of the three rice genomes for all non-redundant PSGs yields a 317 statistically significant enrichment for GO categories that span a wide range of functional 318 categories, of which 65 genes involved in "flower development" and 51 in "response to 319 biotic stimulus" categories showed evidence for positive selection (Fig. 4C; 320 Supplementary Table 47 ). Flower development-related traits, flowering times, the 321 formation of reproduction, and adaptation to specific environments are crucial to and 322 characteristic of the rapid evolution of mating and reproductive systems of these three 323 closely related rice species inhabiting on different natural habitats. Hence, it is interesting 324 that genes involved in flower development, reproduction, and resistance-related processes 325 have been under positive selection in these species. With this in mind, we further 326 examined functional enrichment for branch-or species-specific datasets of PSGs, 327 showing that there is the largest number of PSGs in NIV ( Supplementary Table 47 ). 328 Notably, many candidate PSGs were significantly over-represented in categories related 329 to ripening, flower development, pollination, reproduction and response to extracellular 330 stimulus in NIV (P < 0.001)( Supplementary Table 47 ). Indeed, we detected that up to 331 71 genes known to play an important role in ripening (e. g., MATE efflux family), flower 332 development (e. g., OsIDS1, RFL, Hd1, Ehd2, OsSWN1, OsRRMh) and reproduction (e.g., 333 CSA, RAD51C, OsGAMYB, TDR, GnT1, DPW, SDS, OsMSH5, OsABCG15, OsCOM1, 334 OsMYB80) pathways show signs of positive selection ( Fig. 4D ; Supplementary Table   335 48). This study demonstrates the advantage of multi-species comparative analysis that the 360 cultivated rice genome alone may not adequately represent the genomic diversity of 361 whole rice species' gene pool. We show that a great number of dispensable genes were 362 functionally enriched in reproductive process, possibly forming the genetic basis of a 363 rapid evolution of mating and reproductive systems among the three rice species. 364 We catalogued a large data set comprising millions of genomic variants for cultivated and 365 wild rice, of which large-effect genomic variants, including SNPs, InDels or SVs causing 366 stop codon gain or loss and frameshift, CNV and PAVs, may affect a number of 367 functionally important genes. These sequence variants that may associate with agronomic 368 phenotypes or QTLs of agronomic traits will be useful in improving rice cultivars, in 369 which rare alleles may be mined and functionally validated. They will also serve as dense 370 molecular markers to assess new allelic combinations for marker-assisted mapping of 371 agriculturally important traits in rice breeding programs. 372 Genome-wide structural variations are hypothesized to drive important phenotypic 373 variation within a species, and a number of CNVs and PAVs in R-genes across the species 374 have been extensively documented [36] [37] [38] [39] . In this study, the multi-species comparative 375 analysis showed that a large number of candidate genes affected by CNVs associate with Four approaches were used to evaluate the quality of O. rufipogon genome assembly. 490 First, we mapped clean sequencing reads (~87×) from short-insert size libraries back to 491 the assembly using BWA (version 0.7.15) 44 with default parameters. Second, All genomic 492 and protein sequences publicly available in NCBI database (as of January, 2018) were 493 downloaded and aligned against the genome assembly using GMAP (version 494 2014-10-22) 49 and genBlastA (version 1.0.1) 50 , respectively. Third, RNA sequencing 495 reads generated in this study were assembled into transcripts using Trinity (version 496 v2.0.6) 51 with the default parameters except that the min_kmer_cov option was 2, which 497 were then aligned back to our genome assembly using GMAP (version 2014-10-22) 49 . 498 Finally, the completeness of the assembly was assessed with benchmarking universal 499 single-copy orthologs (BUSCO) 23 collected from Embryophyta lineage. Multi-species comparative analysis. We performed a multi-species comparative analysis 578 of the RUF, NIV and SAT genomes using a similar method as described in the building of 579 the soybean pan-genome 37 . Firstly, we separately aligned the RUF and NIV genomes 580 against the SAT genome using "Nucmer" program (version 3.1) implemented in the 581 MUMmer package (version 3.23) 21 with the parameters of "-maxmatch -c 100 -l 40". We Presence and Absence Variation (PAV) identification. We characterized genomic 611 presence and absence variation (PAV) using the same method as described in the soybean 612 pan-genome analysis 37 . In this study, we defined and assigned four types of PAV: RS10 613 (presence in RUF but absence in SAT), RS01 (presence in SAT but absence in RUF), 614 NS10 (presence in NIV but absence in SAT) and NS01 (presence in SAT but absence in 615 NIV). To identify PAVs between the SAT and RUF genomes, we first extracted the 616 sequences that could not be aligned to the SAT genome. We then realigned them to the 617 SAT genome and SMRT sequences from the indica genome using BLAST 75 , and finally 618 filtered sequence stretches with an identity larger than 95%. RUF-specific sequences 619 were obtained after excluding the potential bacterial contamination based on the BLAST 620 alignment against NT database. Genes with > 50% CDS regions covered by RUF-specific 621 sequences were defined as RUF-specific genes. Based on the short reads alignment 622 results, blocks with no mapped reads by RUF were defined as SAT-specific sequences. 623 Genomic regions with distance less than 500 bp were merged into one block. Genes that 624 overlapped these blocks with 50% length were considered as SAT-specific sequences. 625 The same process was used to identify the PAVs between the SAT and NIV genome. 
